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Abstract: The diffusion coefficient is a crucial parameter which is used to evaluate the 
moisture movement in unsaturated soils. The diffusion coefficient can be measured in 
laboratory on tube soil specimens subjected to certain boundary conditions using 
thermocouple psychrometers. However, the testing range of thermocouple psychrometer 
is restricted from about 3.5 pF to 4.5 pF, while the suction range in engineering practice 
is much wider. This thesis presents a wider suction range estimation of diffusion 
coefficient determined by using slope SWCC and saturated permeability. In this research, 
diffusion coefficients of two clayey soils with different plastic limits were tested by using 
both methods. Then, the estimated diffusion coefficient at 3.5 to 4.5 pF is compared to 
the diffusion coefficient tested by thermocouple psychrometers. It turns out that 
thermocouple psychrometer result is lower than the estimated results from slope of 
SWCC and saturated permeability. For the low plastic clay soil, the thermocouple 
psychrometer testing result is 53.8% lower than the results from slope of the SWCC and 
saturated permeability. For the high plastic soil, the thermocouple psychrometer testing 
result is 12.5% lower than the result from slope of the SWCC and saturated permeability 
coefficient. In general, the diffusion coefficient is decreasing with the soil suction 
increasing. Further study on this area of using improved and advanced testing equipment 
might be useful to verify the wider ranges of diffusion coefficients.  
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CHAPTER I 
 
 
INTRODUCTION 
 
1.1 Diffusion Coefficient 
The diffusion coefficient of unsaturated soil is an important parameter to estimate the moisture 
movement caused by suction gradient in the soil. In unsaturated soil, the moisture subjected to the 
suction gradient diffuses from low suction area to high suction area (Mitchell 1979). It is crucial 
to reliably and cost-effectively estimate the moisture diffusivity.  
One of the practical laboratory testing method for measuring the unsaturated diffusivity was 
proposed by Mitchell in 1979. Mitchell (1979) proposed drying and wetting test to determine the 
moisture diffusion in unsaturated soil. In the drying test, the cylindrical soil specimen with sealed 
surface and one open end which is exposed to the air of known relative humidity. The suction 
changes over time of soil are monitored by thermocouple psychrometer at certain locations.  The 
Mitchell (1979) testing approach was further improved by Lytton et al. (2004) and Bulut et al. 
(2005).  In this study, another testing approach to estimate the diffusivity based on the Mitchell 
(1979) analytical study, in which the diffusion coefficients over a wider suction range can be 
determined by the slope of Soil Water Characteristic Curve and coefficient of saturated 
permeability is used.  In the study, the diffusion test results by thermocouple psychrometers and 
by SWCC and saturated permeability are compared. 
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1.2 Research Objectives 
This research is to evaluate the range diffusion coefficients over a wide suction range of 
unsaturated soil by using the slope of SWCC and coefficient of saturated permeability and to 
make comparisons with the diffusion coefficients determined by thermocouple psychrometers 
from 3.5 pF to 4.5 pF suction. Therefore, the research will: 
 Evaluate the diffusion coefficient by using the slope of SWCC and coefficient of 
saturated permeability for compacted soil specimens. 
 Compare the predicted diffusion coefficients to the thermocouple psychrometer based test 
results. 
 Evaluate the incremental diffusion coefficients over a wider suction range.  
1.3 Organization of the Thesis 
Chapter II reviews the soil suction measurement concepts and current techniques for suction 
measurements. 
Chapter III presents the Mitchell’s test procedures and the diffusion test by using SWCC and 
permeability of saturated soil. At first, this chapter explains how to apply thermocouple 
psychrometers to measure suction change over time and calculate diffusion coefficient. The 
chapter also includes the SWCC test and saturated permeability test procedures and the diffusion 
coefficient calculation by using the SWCC and coefficient of saturated permeability test results. 
Chapter IV includes test equipment, the sample preparation and testing protocols for Mitchell’s 
method, SWCC test and permeability test. 
Chapter V presents results of the diffusion test by thermocouple psychrometers and diffusion test 
by SWCC and coefficient of saturated permeability tests. 
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Chapter VI concludes the research study and provides suggestions for the future study. 
Appendix includes the step by step test procedures and data interpretation.
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CHAPTER II 
 
 
SUCTION MEASUREMENTS IN UNSATURATED SOILS 
 
2.1 Soil Suction 
Soil suction is one of the soil basic physical properties which reflects the unsaturated soil hydro-
mechanical behavior (Fredlund et al. 2012). The soil suction levels are related to the soils 
strength, volume change and permeability.  The suction scale for different consistency levels 
given by Aubeny et al. (2003) is shown in Figure 2.1. 
 
Figure 2.1 Suction Scale in pF (Aubeny et al. 2003) 
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In general, only the term soil suction may be used when the matric suction, osmotic suction or 
total suction is referred.  
The soil suction is associated with the amount of water in the unsaturated soil, thus the amount of 
water in the soil can be used to estimate the soil suction.    
The matric suction is from capillary phenomenon, and absorptive forces of soil matrix (Fredlund 
et al. 2012). Matric suction can be measured with equipment in which a high air-entry disk is in 
use, such as pressure membrane and pressure plate. Matric suction can also be measured by 
contact filter paper method, tensiometer, and thermal conductivity sensor. 
The osmotic suction is associated with the salts dissolved in the pore water (Fredlund et al. 2012). 
The amount of dissolved ions decreases the relative humidity, which increases the osmotic 
suction.  
The sum of matric suction and osmotic suction equals to the total suction. Soil suction depends on 
water content of soil. The soil water characteristic curve (SWCC) describes the relationship 
between suction and water content (Lu and Likos 2004). The suction in the SWCC is described as 
matric suction or total suction. 
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2.2 Measurement of Soil Suction 
2.2.1 Total Suction Measurement 
The relationship between total suction, relative humidity and its temperature is given by Kelvin’s 
equation (Sposito 1981): 
ℎ𝑡 =
𝑅𝑇𝜌𝑤
𝑀𝑤
ln⁡(
𝑃
𝑃0
)                                                                                                                          [2.1] 
where ht = total suction (kPa)); R = universal gas constant (8.31432 J mol
-1
K
-1
); T = absolute 
temperature in Kelvin (T = 273.16 + 
o
C); ρw = density of water as a function of temperature 
(kg/m
3
); Mw= molecular mass of water vapor (18.016 kg/kmol); p/p0 = the relative humidity 
(decimal). 
The relative humidity, which is used to calculate total suction, can be indirectly measured by 
psychrometer and chilled-mirror device, or filter paper method. 
2.2.1.1 Thermocouple Psychrometer 
Thermocouple psychrometer (shown in Figure 2.2) can be used to measure the total suction by 
measuring the relative humidity in the air phase of the unsaturated soil. For relative humidity 
measurements, the measuring junction is cooled to dew point temperature, which leads to 
moisture condensation on the junction. Depending on termination of the passing current, the 
condensed moisture begin to evaporate which causes further temperature reduction, leaving a 
temperature difference between the junction and the surrounding atmosphere. Then the current, 
which is a function of the temperature difference, was determined.  
The suction is reliably measured from about 3.5 pF to 4.5 pF by thermocouple psychrometer. A 
datalogger is utilized to record and retrieve data from thermocouple psychrometer. Calibration of 
psychrometers is performed by suspending the sensors in NaCl solutions of known concentrations 
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and osmotic potentials. Thermocouple psychrometer is very sensitive to the temperature 
fluctuations, thus, a temperature constant environment is required for either calibration or soil 
suction tests. 
 
Figure 2.2 Thermocouple Psychrometer (Brown and Collins 1980) 
  
2.2.1.2 Chilled-Mirror Device 
The chilled-mirror device (shown in Figure 2.3) uses a dew-point measurement technique to 
measure the suction of unsaturated soil. In this type of instrument, the sample is equilibrated with 
the headspace of a sealed chamber that contains a mirror and a means of detecting condensation 
on the mirror. At moisture and temperature equilibrium, the water potential of the air in the 
chamber is the same as the water potential of the sample. The mirror temperature is precisely 
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controlled by a thermoelectric cooler. Detection of the exact point at which condensation first 
appears on the mirror is observed with a photoelectric cell. A beam of light is directed onto the 
mirror and reflected into a photodetector cell. The photodetector senses the change in reflectance 
when condensation occurs on the mirror. The thermocouple attached to the mirror then records 
the temperature at which condensation occurs. The final water potential and temperature of the 
sample is then displayed.   
It has a reliable suction measurement range of 3,000 to 300,000 kPa (Fredlund et al. 2012). The 
device consists of a sealed chamber with a mirror, a fan, a photo-electric cell and a thermometer. 
The specimen is tested in a plastic container which has a 40 mm diameter. During the test, the 
cooling system reduces the temperature of the mirror to dew-point temperature; and the dew-
point temperature is measured by the thermocouple.  
 
Figure 2.3 Schematic diagram of Chilled-mirror WP4 Device (Leong et al., 2003) 
 
2.2.1.3 Filter Paper 
The filter paper method is used to test a wide range of soil suctions (Fawcett and Collis-Geoge, 
1967). It is also low cost and simple for soil engineering research. It can be used to measure either 
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matric suction or total suction (as shown in Figure 2.4). In the glass jar shown in Figure 2.4, the 
filter paper, soil and the air will reach to the suction equilibrium with time in a constant 
temperature environment (Bulut and Wray 2005). At the equilibrium condition, the contact filter 
paper (for matric suction measurements) and the noncontact (for total suction measurements) 
would hold a certain amount of water. The suction of the soil can be calculated by using the water 
content of the filter paper and a calibration curve (shown in Figure 2.5). The calibration curve 
between water content of filter paper and suction is established using salt solutions or other 
suction measuring equipment. 
 
Figure 2.4 FilterPaper Method (Bulut and Wray 2005) 
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Figure 2.5 Filter Paper Calibration Curve ( Bulut et al. 2001) 
 
2.2.2 Matric Suction Measurements 
The matric suction can be expressed by Equation 2.2 (Fredlund and Rahardjo 1993) for an 
apparatus which utilizes a high air-entry disk: 
ℎ𝑚 = (𝑢𝑎 − 𝑢𝑤)                                                                                                                         [2.2]    
where hm = matric suction; ua = applied air pressure; and uw = pore water pressure. The matric 
suction decreases when soil moisture content increases and vice-versa. It can be indirectly 
determined by using noncontact filter paper method as mentioned above. The tensiometer and 
thermal conductivity sensors can also be used for matric suction measurement. 
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2.2.2.1 Tensiometer  
A tensiometer is used to measure the negative pore-water pressure directly in unsaturated soil. 
There are different types of tensiometers in engineering practice. A typical jet-fil tensiometer is 
shown in Figure 2.6.  It consists of a high-air-entry value ceramic cup connected with a pressure 
measuring device by a small-bore tube. The tube and the cup are filled with deionized water. The 
water in the tensiometer has the same pressure as the pore-water pressure in the tested soil when 
the soil and the tensiometer system reach the suction equilibrium (Fredlund et al. 2012). The 
highest suction can be measured in tensiometer is approximately negative 90 kPa. 
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Figure 2.6 Jet-fill tensiometer (Soil Moiture Equipment Corp., USA, www.soil moisture.com) 
 
2.2.2.2 Thermal Conductivity Sensor 
The thermal conductivity sensor (shown in Figure 2.7) is based on the phenomenon that the 
thermal conductivity of the soil will change when the water content of the soil changes (Fredlund 
et al. 2012). As shown in Figure 2.7, the thermal conductivity sensor consists of a temperature 
sensing element covered by a ceramic stone and a heater. Thermal conductivity measurement is 
13 
 
performed by testing the heat dissipation in the ceramic media. The heat that is not dissipated 
results in a temperature rise at the center of the block. The temperature rise is measured by the 
temperature sensing element after a specified time interval, and its magnitude is inversely 
proportional to the water content of the porous block (Fredlund et al. 2012). The measured 
temperature rise can be expressed in terms of a change of voltage output. 
 
Figure 2.7 Diagram of the Thermal Conductivity Sensor Cross-section (Pamela and Fredlund 1989) 
 
2.2.3 Osmotic Suction 
The osmotic suction comes from the dissolved ions in pore water. The presence of dissolved ions 
increases the osmotic suction.  The osmotic suction can be calculated using the relationship 
between osmotic coefficients (ϕ) and osmotic suction for different salt solutions (Bulut et al. 
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2001). The osmotic suctions for different salt solutions can be calculated by using Equation 2.3 
(Lang 1967; Bulut et al. 2001): 
𝜙 =
𝜌𝑤
𝑣𝑚𝑀𝑤
ln⁡(
𝑃
𝑃0
)                                                                                                                         [2.3] 
where ϕ = osmotic coefficient; v = number of ions from one molecule of salt; and m = molality 
(moles solute per 1000 grams of solvent). Table 2.1 shows the osmotic suction in different salt 
solutions at 25 
o
C. 
Table 2.1 Osmotic Suctions for Salt Solutions in kPa ( Bulut et al. 2001) 
Osmotic Suctions at 25 
o
C 
Molality 
(m) 
NaCl KCl NH4Cl Na2SO4 CaCl2 Na2S2O3 MgCl2 
0.0010 5 5 5 7 7 7 7 
0.0020 10 10 10 14 14 14 14 
0.0050 24 24 24 34 34 34 35 
0.0100 48 48 48 67 67 67 68 
0.0200 95 95 95 129 132 130 133 
0.0500 234 233 233 306 320 310 324 
0.1000 463 460 460 585 633 597 643 
0.2000 916 905 905 1115 1274 1148 1303 
0.3000 1370 1348 1348 1620 1946 1682 2000 
0.4000 1824 1789 1789 2108 2652 2206 2739 
0.5000 2283 2231 2231 2582 3396 2722 3523 
0.6000 2746 2674 2671 3045 4181 3234 4357 
0.7000 3214 3116 3113 3498 5008 3744 5244 
0.8000 3685 3562 3558 3944 5882 4254 6186 
0.9000 4159 4007 4002 4384 6799 4767 7187 
1.0000 4641 4452 4447 4820 7767 5285 8249 
1.2000 5616 5354 5343 … … … … 
1.4000 6815 6261 6247 … … … … 
1.5000 … … … 6998 13397 7994 14554 
1.6000 7631 7179 7155 … … … … 
1.8000 8683 8104 8076 … … … … 
2.0000 9757 9043 9003 9306 20457 1021 22682 
2.5000 12556 11440 11366 11901 29115 14489 32776 
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CHAPTER III 
 
 
REVIEW OF DIFFUSIVITY MEASUREMENTS 
 
The unsaturated soil diffusivity is used for the moisture movement estimation in practice. One of 
the popular methods for diffusivity measurements is based on Mitchell’s (1979) method which 
tests the soil suction value with time using thermocouple psychrometers. 
The Mitchell’s diffusivity tests give a constant diffusion coefficient (Mitchell 1979). However, 
the suction gradient changes may lead to the diffusion coefficient change (Brooks and Corey 
1964). In order to determine incremental changes in diffusion coefficient depending on variations 
in suction, an approach using SWCC and coefficient of saturated permeability is undertaken in 
this study. 
3.1 Mitchell’s Diffusivity Equation 
Mitchell (1979) used a one dimensional flow (shown in Figure 3.1) to depict the moisture 
movement through the unsaturated soil, and defined a moisture source though the soil at a rate per 
unit volume as f (x, t). The moisture into the soil is proposed by Mitchell (1979): 
𝛥𝑄 = 𝑣𝑥𝛥𝑦𝛥𝑧𝛥𝑡|𝑥 − 𝑣𝑥𝛥𝑦𝛥𝑧𝛥𝑡|𝑥+Δx + 𝑓(𝑥, 𝑡)𝛥𝑥𝛥𝑦𝛥𝑧𝛥𝑡                                                      [3.1] 
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Where Δx, Δy, Δz = dimensions of the specimen; vx, vy, vz = the velocity of flow in three 
directions; and ΔQ = quantity of water based on the flow travel time Δt. 
 
Figure 3.1 Moisture Flow (Mitchell 1979) 
 
Based on the one dimensional flow in unsaturated soil, drying test was performed by Mitchell 
(1979). A cylindrical soil specimen with sealed surface and one open end from which the 
moisture evaporates to the atmosphere is shown in Figure 3.2. The moisture evaporates from the 
top surface where the atmospheric suction and the initial suction of the soil are known. The 
relationship between atmospheric suction ua and the initial soil suction ui at the soil surface (x=L) 
is given by Mitchell (1979):  
(
𝑑𝑢
𝑑𝑥
)𝑥=𝐿 = ℎ𝑒(𝑢𝑎 − 𝑢𝑖)                                                                                                               [3.2] 
Where he = evaporation constant. The boundary conditions of the drying test as shown in Figure 
3.2 are as follows (Mitchell 1979): 
       Initial suction:        𝑢(𝑥, 0) = 𝑢0 
17 
 
       Sealed boundary:    
𝜕𝑢(0,𝑡)
𝜕𝑥
= 0 
       Open boundary    
𝜕𝑢(𝐿,𝑡)
𝜕𝑥
= ℎ𝑒[𝑢𝑎 − 𝑢(𝐿, 𝑡)] 
The one-dimensional solution for Equation 3.2 with those boundary conditions is given by 
Mitchell (1979): 
𝑢(𝑥, 𝑡) = 𝑢𝑎 + ∑
2(𝑢0−𝑢𝑎)𝑠𝑖𝑛𝑧𝑛
𝑧𝑛+𝑠𝑖𝑛𝑧𝑛𝑐𝑜𝑠𝑧𝑛
∞
0 𝑒𝑥𝑝 (
𝑧𝑛
2𝛼𝑡
𝐿2
) 𝑐𝑜𝑠⁡(
𝑧𝑛𝑥
𝐿
)                                                            [3.3] 
Where u (x, t) = suction as a function of location and time; zn= solution of cot zn = (zn/heL); he = 
evaporation coefficient; α = drying diffusion coefficient. The diffusion coefficient can be 
determined by measuring soil suction with time in a cylindrical soil specimen according to 
Equation 3.3.  
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Figure 3.2 Boundary Conditions for Drying Test (Mabirizi and Bulut 2010) 
 
3.2 Diffusivity Determined by SWCC and Permeability Coefficient 
The diffusivity of unsaturated soils can also be expressed by the slope of the soil water 
characteristic curve (SWCC) and saturated permeability of soil (Mitchell 1979): 
 
𝛼 =
𝑘0ℎ0
𝑐
𝛾𝑤
𝛾𝑑
                                                                                                                                  [3.4] 
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where, ko = saturated permeability of soil, ho = a constant suction equal to 100 cm, γw = unit 
weight of water, γd = dry unit weight of soil, and c = slope of suction in logarithmic scale versus 
gravimetric water content. 
In this equation, the diffusion coefficient can be derived from soil-water characteristic curve and 
coefficient of saturated permeability. The determination of SWCC and permeability coefficient 
will be presented, and the incremental measurements of diffusion coefficients will be discussed in 
the following sections. 
3.2.1 Soil Water Characteristic Curve (SWCC)  
The SWCC describes a nonlinear relation between the water content and the water potential in 
soil mass. The original models and analysis of the SWCC are from soil science and agriculture 
research (Fredlund and Xing 1994). There are many conceptual models for SWCC equations, and 
the most frequently used model in geotechnical engineering practice was proposed by Fredlund 
and Xing (1994). 
3.2.1.1 Terminology 
The SWCC is mainly about the relation between the water content and the suction. In 
geotechnical engineering, the gravimetric water content, volumetric water content, and degree of 
saturation are used to plot SWCC. The volumetric water content is more preferable for 
geotechnical engineers, because the volumetric water content or degree of saturation is more 
representative for the analysis of the soil behavior associated with volume change (Fredlund et al. 
2012). 
There are two crucial transition points for SWCC: the air-entry value and the residual value 
(shown in Figure 3.3) (Fredlund et al. 2010). The air-entry value and residual value divide the 
SWCC into three zones: transition zone, boundary effect zone and residual zone. The air-entry 
value is the data point “where the air starts to enter the largest pores in the soil” (Fredlund and 
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Xing 1994). The residual value is the point when a large suction is needed to remove the water in 
soil ( Fredlund and Xing 1994). 
  
 
Figure 3.3 Desorption SWCC distinct zones (Fredlund et al. 2010) 
3.2.1.2 Empirical Equations for SWCCs 
There are a large number of empirical equations for SWCC based on fitting laboratory data 
(Fredlund et al. 2012). In the early years, the gravimetric water content is used to describe 
SWCC. With the understanding of SWCC, the volumetric or degree of saturation has been 
applied to the empirical equations.   
One of the earliest empirical equations to describe soil-water characteristics is given by Gardner 
(1958): 
𝛩𝑑 =
1
1+𝑎𝑔𝜓
𝑛𝑔                                                                                                                              [3.5] 
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where 𝛩𝑑 = dimensionless water content (𝛩 = ⁡
𝑤
𝑤𝑠
), w = gravimetric water content of soil, ws = 
saturated water content, ag = fitting parameter (a function of air-entry value), ng = fitting 
parameter. 
Brooks and Corey (1964) proposed their best fit equation: 
𝛩𝑛 = (
𝜓𝑏
𝜓
)𝜆                                                                                                                                  [3.6] 
where 𝛩𝑛 = normalized water content (𝛩 =⁡
𝑤−𝑤𝑟
𝑤𝑠−𝑤𝑟
), w = gravimetric water content of soil, ws = 
saturated water content, wr = residual water content, 𝜓𝑏 = air-entry value, λ= pore size 
distribution, and ψ = suction variable. 
In Brutsaert’s 1967 best fit curve, both fitting parameters and normalized water content have been 
used: 
 𝛩𝑛 =
1
1+(
𝜓
𝑎𝑏⁄ )
𝑛𝑏
                                                                                                                          [3.7] 
where ab = fitting parameter (a function of air-entry value), nb= fitting parameter. 
Laliberte (1969) first proposed a triple-parameter empirical equation in which the fitting 
parameters are related to pore-size distribution.  
𝛩𝑛 =
1
2
𝑒𝑟𝑓𝑐[𝑎1 −
𝑏1
𝑐1+(
𝜓
𝜓𝑏
⁄ )
]                                                                                                      [3.8]               
where a1, b1, c1 = fitting parameters, ψ = suction variable, 𝜓𝑏= air-entry value, and erfc is Gauss 
error function.  
Van Genuchten (1980) gave a closed-form expression for hydraulic conductivity, in which m is 
related to n through the equation m = (1-1/n). 
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𝛩𝑛 = [
1
1+(𝑝𝜓)𝑛
]𝑚                                                                                                                         [3.9] 
where p, n, and m = three different soil parameters. 
Boltzmann distribution has been applied to analyze SWCC by Mckee and Bumb (1984). Mckee 
and Bumb (1987) proposed another SWCC exponential function which is based on Fermi 
distribution: 
 𝛩𝑑 =
1
1+exp⁡[
(𝜓−𝑎𝑚2)
𝑛𝑚2
]
                                                                                                                 [3.10] 
where am2, nm2 = fitting parameters, and ψ = suction variable. 
The most frequently used empirical equation in geotechnical engineering practice is proposed by 
Fredlund and Xing (1994). This best fit curve covers the low suction range and high suction range 
with a correction factor: 
𝜃(𝜓, 𝑎𝑓 , 𝑛𝑓 , 𝑚𝑓) = 𝐶(𝜓)
𝜃𝑠
(ln⁡(𝑒+(
𝜓
𝑎𝑓⁄ )
𝑛𝑓
)
𝑚𝑓
                                                                              [3.11] 
 
where af, nf, and mf = curve fitting parameters, θs = saturated volumetric water content, θ = 
volumetric water content corresponding to a selected soil suction, e = a constant equal to 2.71828, 
and C(ψ) is correction factor: 
𝐶(𝜓) = 1 −
ln⁡(1+
𝜓
𝜓𝑟
⁄ )
ln⁡[1+(10
6
𝜓𝑟
⁄ )]
                                                                                                         [3.12]  
where 𝜓𝑟 = the suction at residual value. 
There are difficulties for those equations (Gardner 1958, Brooks and Corey 1964, Brutsaert’s 
1967, Mckee and Bumb 1984 and Mckee and Bumb 1987) to describe the SWCC (from 0 kPa to 
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1,000,000 kPa) with a continuous function (Fredlund et al. 2012). Pham and Fredlund (2005) 
proposed a piecewise linear equation to fit the SWCC data: 
  
{
 
 
 
 𝑤1
(𝜓) = 𝑤𝑢 − 𝑆1𝑙𝑜𝑔(𝜓)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡1 ≤ 𝜓 ≤ 𝜓𝑎
𝑤2(𝜓) = 𝑤𝑎 − 𝑆2𝑙𝑜𝑔 (
𝜓
𝜓𝑎
)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜓𝑎 ≤ 𝜓 ≤ 𝜓𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
⁡𝑤3(𝜓) = 𝑆3𝑙𝑜𝑔 (
106
𝜓
)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜓𝑟 ≤ 𝜓 ≤ 10
6
                                              [3.13] 
where S1, S2, S3 = slope of SWCC at three zones, wu = water content at 1 kPa, wa = water content 
at air-entry value, w1, w2, w3 = water content for the three zones. 
Figure 3.4 lists some of the SWCC empirical equations. Those equations are divided into three 
categories and the application of those equations depends on the suction range of the soil 
(Fredlund et al. 2010).  
 
Figure 3.4 Categorization of SWCC (Fredlund et al. 2010) 
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3.2.2 Permeability of Soil  
The flow rate of water through a porous medium is regulated by the hydraulic conductivity (also 
called coefficient of permeability). For unsaturated soil, the water storage should be considered 
when coefficient of permeability is evaluated (Fredlund et al. 2012). 
Unlike the coefficient of permeability in a saturated porous medium, the coefficient of 
permeability is a non-constant parameter related to the degree of saturation of the unsaturated soil 
(Brooks and Corey 1964). Gardner (1958) and Arbhabhirama (1968) proposed equations to 
evaluate the coefficient of permeability by using matric suction. 
In this research study, the saturated permeability of the soil is used to analyze the diffusion 
coefficient. The tests of saturated permeability are based on Darcy’s equation. The permeability 
test equipment amplifies the hydraulic gradient and quantity of water discharge from the soil to 
calculate the coefficient of permeability.   
In practice, as shown in Figure 3.5 the saturated permeability can also be evaluated by empirical 
correlations (Aubeny and Lytton 2004).   
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Figure 3.5 Empirical Correlations of Clay Permeability (Tavenas et al. 1983) 
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CHAPTER IV 
 
 
LABORATORY TESTS 
 
In this chapter, the sample preparation for the diffusion, psychrometer, SWCC and permeability 
tests are discussed. The testing procedure includes thermocouple psychrometer calibration, 
suction measurements by psychrometer and filter paper, Fredlund SWCC device test and 
coefficient of saturated permeability test. 
4.1 Sample Preparation  
The soil specimens from two sites are tested. The two sites are located in Oklahoma City near 
Lake Hefner and along Interstate Highway I-35 in Ardmore. In order to make comparisons of the 
diffusion coefficient of the soils with different properties, the compacted soil specimens are used 
in the tests. For each soil, six compacted soil specimens are prepared. The soil specimens are 
compacted at optimum water contents and left for moisture equilibration for at least three weeks. 
Then, the compacted and moisture equilibrated soil specimens are prepared further to fulfil the 
requirements of the test protocols as described in the following sections.   
4.1.1 Compaction Test 
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Standard Proctor compaction tests were conducted. The soil sample was taken and oven dried at 
110 
o
C for 24 hours and grounded in the soil crusher. About 2000 grams of the sample was used 
for the compaction test. The soil sample was mixed with water and allowed to cure per ASTM 
D698 guidelines. The mold and collar were assembled and secured to the base plate. The soil was 
compacted in three layers, each layer receiving 25 of drops from 12 inches.  
After the compaction, the collar and base plate were removed from the mold. A knife was used to 
trim the soil at the top. The mass of the compacted specimen and mold was determined and 
recorded to the nearest gram. The compacted specimen was then removed from the mold using a 
hydraulic jack. The compaction curves (given in Appendix A) were determined by applying best 
fit curve proposed by Li and Sego (2000). 
4.1.2 Compacted Specimen Preparation and Curing 
The optimum water content is determined from the compaction curve. The water is added to the 
crushed oven dry soil to reach to the optimum water content, and fully mixed with the soil. 
According to the standard Proctor compaction protocol (ASTM D698), the soil specimen is 
compacted, extracted and trimmed. 
The soil specimens are weak and not moisture equilibrated inside. Moisture equilibration and 
strength gain will take at least two weeks before further trimming and testing. In the curing 
period, plastic wrap and aluminum foil are used to wrap the soil specimen to prevent any 
moisture gain or loss (shown in Figure 4.1). The well wrapped soil specimens are kept in an ice 
chest for two weeks. 
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Figure 4.1 Compacted Soil Specimen Curing in Plastic Wrap and Aluminum Foil 
 
4.2 Diffusivity Test by Thermocouple Psychrometer 
Mitchell (1979) proposed testing methods for the drying diffusivity and wetting diffusivity 
measurements. Lytton et al. (2004) and Mabirizi (2010) made improvements to the drying test 
and wetting test. In this research study, only the drying testing is performed. 
4.2.1 Thermocouple Psychromter Calibration   
Before diffusivity tests were performed, the thermocouple psychrometers were calibrated (Figure 
4.2) using salt solutions with known concentrations by immersing the sensor in solutions (Figure 
4.3). The calibration curve for each psychrometer reflects the relationship between the output 
microvolt and osmotic suction at equilibrium condition.  
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Figure 4.2 Thermocouple Psychrometer  
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Figure 4.3 Thermocouple Psychrometer Calibration (Mabirizi 2010) 
 
Thermocouple psychrometers from Wescor, Inc. were used to test total suction changes over 
time. Different concentrations of sodium chloride (NaCl) solutions with known molalities and 
osmotic suction (Table 4.1) were used to calibrate the psychrometers. Glass jars were used to 
calibrate six psychrometers at once at 25±0.1 
o
C as shown in Figure 4.3.  Temperature fluctuation 
is crucial in psychrometer total suction measurements (Lytton et al. 2004). The water bath 
designed for diffusivity tests (Figure 4.4) is used to maintain a constant temperature environment 
for calibration. 
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Table 4.1 NaCl Osmotic Suctions (Bulut et al. 2001) 
Molality 
of NaCl 
(m) 
Osmotic 
Suction 
(bar) 
Osmotic 
Suction 
(kPa) 
Osmotic 
Suction 
(log kPa) 
Osmotic 
Suction 
(pF) 
Osmotic 
Suction 
(g/liter) 
0.01 0.4799 47.9937 1.6812 2.6897 0.5844 
0.02 0.9502 95.0235 1.9778 2.9863 1.1688 
0.05 2.3390 233.9024 2.3690 3.3775 2.9221 
0.10 4.6232 462.3164 2.6649 3.6735 5.8442 
0.20 9.1608 916.0757 2.9619 3.9704 11.6885 
0.30 13.7019 1370.1870 3.1368 4.1453 17.5327 
0.40 18.182658 1826.5788 3.2616 4.2702 23.3770 
0.50 22.8615 2286.1486 3.3591 4.3676 29.2212 
0.60 27.4942 2749.4170 3.4392 4.4478 35.0655 
0.70 32.1682 3216.8152 3.5074 4.5159 40.9097 
0.80 36.8870 3688.6952 3.5669 4.5754 46.7540 
0.90 41.6531 4165.3100 3.6196 4.6282 52.5982 
1.00 46.4691 4646.9124 3.6672 4.6757 58.4425 
1.20 56.2615 5626.1507 3.7502 4.7587 70.1310 
1.40 66.2798 66.27.9768 3.8214 4.8299 81.8195 
1.50 71.3777 7137.7693 3.8536 4.8621 87.6637 
1.60 76.5384 7653.8384 3.8839 4.8924 93.5079 
1.80 87.0498 8704.9848 3.8839 4.9483 105.1964 
2.00 97.8247 9782.4672 3.9904 4.9990 116.8849 
2.20 108.8735 10887.3465 4.0369 5.0454 128.5734 
2.40 120.2025 12020.2474 4.0799 5.0884 140.2619 
2.50 125.9757 12597.5653 4.1003 5.1088 146.1062 
1 mole of NaCl = 58.442468 grams 
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Figure 4.4 Water Bath for Calibration (Mabirizi 2010) 
 
A CR7 datalogger (Figure 4.5) was employed to record and retrieve microvolt data. The 
microvolt outputs were plotted against the osmotic suction values to obtain a psychromter’s 
calibration curve. A typical calibration curve is given in Figure 4.6. A step by step calibration 
procedure was proposed by Mabirizi (2010). 
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Figure 4.5 CR7 Data-logger (Mabirizi 2010) 
 
Figure 4.6 A Typical Calibration Curve 
 
4.2.2 Measurement of Initial Suction 
The initial suction is the suction for the cured and equilibrated suction of the soil. The initial 
suction should be determined prior to thermocouple psychromter test (Mabirizi 2010). The filter 
paper total suction test (Bulut et al. 2001) is used to determine the initial suction. In this test, the 
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Schleicher & Schuell No. 598 filter papers were used to measure soil suction. The testing 
procedure given by Bulut et al. (2001) was applied for suction measurements of the soil. A 
trimmed portion of a compacted soil specimen was placed in a glass jar (Figure 4.7). Two filter 
papers are placed on a support ring which provides a filter paper-soil non-contacted system 
(Mabirizi and Bulut 2010). The sealed glass jar was left in an ice chest which has a constant 
temperature environment. After seven days of equilibration, the water contents of the filter papers 
were measured. The initial suction of soil was calculated by using calibration curve of filter paper 
(Figure 4.8). The procedure of suction measurements by using filter paper discs is given by Bulut 
et al. (2001). 
 
 
Figure 4.7 Filter Paper Total Suction Measurements (Mabirizi 2010) 
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Figure 4.8 Filter Paper Wetting Calibration Curve (Bulut et al. 2001) 
 
 
4.2.3 Soil Suction Measurements by Thermocouple Psychrometer  
In this research study, the diffusivity test was performed on a 101.6 mm diameter and 157.4 mm 
height compacted soil specimen. In order to accurately determine the distance from thermocouple 
psychrometer sensor to the surface, the smooth end of the soil specimen was selected to expose to 
the open air with known relative humidity. For the test, thermocouple psychrometers are installed 
nearby the open end of the soil specimen, the closer to the end the better for shorter testing 
periods.  
A hole created by a driller was used to install the psychrometer sensor into the soil specimen. It is 
crucial to make sure there are no cracks formed during the drilling, which will disturb the suction 
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measurement (Mabirizi 2010). After the soil specimen was wrapped with plastic wrap and 
aluminum foil to prevent any moisture exchange with atmosphere, the holes were made and the 
psychrometer installated (shown in Figure 4.9). 
  
Figure 4.9 Thermocouple Psychromter Installations  
 
The well wrapped specimen with the psychrometer is placed in an ice chest with plastic fillings to 
provide a constant temperature environment. It needs one or two weeks for the drying diffusion 
test. A step-by-step test procedure is given by Mabirizi (2010). 
4.2.4 Diffusivity Test Data Interpretation 
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The data collected by data logger is microvolt output versus time. The data was transferred into 
the suction versus time by using the calibration curve of the psychrometer. A theoretical line 
(Figure 4.10) was used to fit those suction versus time data points (Mabirizi and Bulut 2010). The 
data plots required parameters include: uo = initial suction, ua = atmospheric suction, x = 
psychrometer distance from the close end, L = sample length, he = evaporation constant and α = 
drying diffusion coefficient. 
 
Figure 4.10 Theoretical versus Measured Suction with Time 
 
Interpretation of data given by Lytton et al. (2004) was used to determine the drying diffusion 
coefficient. The least square error method is employed to calculate diffusion coefficient. By 
minimizing the square errors, the optimum diffusion coefficient is obtained. This procedure can 
be simply programed in a computer. Matlab was used to assist in calculating the diffusion 
coefficient in this study. 
4.3 Diffusivity Determined by SWCC and Permeability 
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Diffusion coefficient can be calculated by using the slope of SWCC and saturated permeability 
(Mitchell 1979). In this study, the SWCC and saturated permeability tests were conducted on the 
soil specimens which are prepared at optimum water contents and cured for more than two weeks.  
4.3.1 SWCC Test 
Soil water characteristic curve (SWCC) can be determined in the laboratory by measuring the 
water content using pressure plate device. The disturbed soil or undisturbed soil samples can be 
used to perform SWCC tests.  
In this research, Fredlund and Xing’s (1994) best fit curve with three fitting parameters, which 
are widely used in geotechnical engineering practice, was applied to plot and analyze the testing 
results. Fredlund Pressure Plate Cell (shown in Figure 4.11) was employed to obtain SWCCs. The 
testing data were fitted using the equation proposed by Fredlund and Xing (1994). 
In the following sections, the calibration of SWCC equipment, saturation of soil specimen, 
SWCC testing procedure and data interpretation are discussed. 
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Figure 4.11 Fredlund Pressure Plate Cell (SWC-150) 
 
 
4.3.1.1 Calibration of Water Volume Change Tubes 
Fredlund Soil Water Characteristic Device was employed to modify applied suction and monitor 
the water content in the soil. Before SWCC test was performed, the water volume change tube 
should be calibrated. The measurements from the water volume change tubes represent a linear 
Water Volume 
Change Tube 
Top Plate 
Bottom Plate 
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measurement in millimeter. These linear measurements should be converted to a gravimetric 
calibration factor α. A step-by-step procedure of how to calibrate the water volume change tubes 
is given in Appendix B. 
4.3.1.2 Saturation of Soil Specimen 
Before the drying SWCC test, soil specimen should be trimmed and fully saturated. The soil 
specimen was placed on a porous stone covered with filter paper in a container. The container 
was filled with demineralized water till 2 mm to the top of specimen as shown in Figure 4.12. 
This allows the soil to be saturated from bottom up, which prevents air entrapped in the soil. 
 
Figure 4.12 Saturation of Soil Specimen (SWC-150 Testing Manual) 
 
The time for saturation will be several hours for granular soil, while several days for highly 
plastic clay soil (Fredlund et al. 2012). 
4.3.1.3 SWCC Tests 
The soil properties such as water content, grain-size distribution, plasticity index and specific 
gravity were determined prior to SWCC tests.  
The saturated soil specimen with a 15 bar ceramic stone is placed on the base of the test chamber 
as shown in Figure 4.13. After the testing device is assembled as shown in Figure 4.11, the air 
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pressure is applied to the soil; the water volume change tube reading is recorded every 3 hours. 
When the reading in tubes becomes constant which represents the soil-water inside the testing 
chamber is in equilibrium condition, the applied air pressure is increased to test another data point 
for the SWCC.  
 
 
Figure 4.13 Saturated soil with ceramic stone on the base of testing chamber 
 
4.3.1.4 SWCC Data Interpretation  
Using the applied air pressure and corresponding degree of saturation or water content from the 
drying processes, the drying SWCC can be determined as shown in Figure 4.14. The degree of 
Brass ring 
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Bottom Plate 
Ceramic stone 
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saturation or gravimetric (volumetric) water content versus suction data is then fit with a 
theoretical curve given by Fredlund and Xing (1994).  
 
Figure 4.14 Theoretical versus tested water content with suction in pF 
 
The least square error method was employed to determine the SWCC. The procedure is as 
follows: 
1. Initially give a random value within the reasonable range to the fitting parameters (i.e. for 
clay soil, af = 10, nf = 0.8, mf = 0.5) for Equation 3.11. 
2. Compute the error between the theoretical degree of saturation and measured degree of 
saturation for each test data points with the assumed fitting parameters. 
3. Change the fitting parameter af to calculate and find optimum parameter af with the least 
square errors. 
4. Use optimized af and assumed mf find the optimized nf; and then use af and mf to 
determine the fitting parameter mf. 
5. Plot the SWCC by using the three optimized fitting parameters. 
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An example of data interpretation is given in Appendix C. 
4.3.2 Saturated Permeability Test 
The permeability of saturated clay soil can be determined by measuring the discharged water 
under certain water head using a triaxial chamber and permeability control panel. For the 
compacted clay soil which has a very low permeability, in order to measure the discharged 
volume of water, the soil specimen was installed into the triaxial chamber with a membrane and 
an air pressure (larger than 5 psi) was applied to create larger gradient.  
In this part, the soil specimen preparation, specimen saturation and test will be discussed. 
4.3.2.1 Soil Specimen Installation and Saturation  
A triaxial chamber was used to test the saturated permeability of the soil specimens. Prior to the 
test, the soil specimen in the membrane was placed in the triaxial chamber with porous plates and 
filter papers on both sides as shown in Figure 4.15. 
44 
 
 
Figure 4.15 Sample Installation 
Because of the low permeability of the clay soil, one week was needed to saturate the specimen in 
the triaxial chamber. After the quantity of inlet water equals to the discharged water during 
saturation, the soil is fully saturated and ready for the permeability test. 
4.3.2.2 Permeability Test 
After the soil is fully saturated, the inlet water pressure and discharged water pressure are 
modified accordingly (set inlet pressure 5 psi and cell pressure 10 psi). The one dimensional 
continuous flow through the soil specimen fulfills the Darcy’s equation in which the permeability 
Soil 
Chamber 
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of the soil equals to the quantity of water divided by cross-section area multiplied by the water 
head gradient.  
As shown in Figure 4.16, the quantity of water can be read from the burettes and the gradient can 
be modified on the control panel. The data was recorded every 6 hours until the quantity of water 
can be observed in the burettes. A step by step testing and calculation procedure is given in 
Appendix C. 
 
 
Figure 4.16 Saturated Permeability Test Control Panel 
  
4.3.3 Diffusivity Calculated by SWCC and Permeability 
The diffusion coefficient of unsaturated soils can be expressed by the slope of SWCC and 
saturated permeability of the soil according to the following equation (Mitchell 1979): 
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2 Cell pressure regulator 
3 Digital pressure gauge 
4 Low back pressure regulator 5 High back pressure regulator 
6 Selector valve for pedestal 
7 Filling Valve 
8 Burette selector valve for pedestal 
9 Small burette for pedestal 
10 Large burette for pedestal 
11 Saturation valve for pedestal 
13 Selector valve for pedestal 
14 Filling Valve 
15 Burette selector valve for cap 
17 Small burette for cap 
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𝛼 =
𝑘0ℎ0
𝑐
𝛾𝑤
𝛾𝑑
                                                                                                                                  [4.1] 
 
where ko is saturated permeability of soil, ho is a constant suction equal to 100 cm, γw is unit 
weight of water, γd is dry unit weight of soil, and c is slope of suction in logarithmic scale versus 
gravimetric water content. The dry unit weight of soil was determined before SWCC and 
permeability tests. In this research, the non-constant parameter c is used to calculate diffusion 
coefficient, which changes with the suction change. Thus, an incremental diffusion coefficient α 
value can be determined by equation 4.1.  
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CHAPTER V 
 
 
TEST RESULTS AND DISSCUSSIONS 
 
The soil specimens from Lake Hefner and Ardmore sites were obtained from Oklahoma 
Department of Transportation. The soils from Lake Hefner are in red color with low PI while the 
soils from Ardmore site are in brown color with high PI. 
In this research study, both diffusion coefficient test by thermocouple psychrometer and diffusion 
coefficient evaluation by SWCC and saturated permeability tests were performed on the 
compacted soil specimens from the two sites. In practice, the thermocouple psychrometer gives a 
quick and cost effective approach to determine the diffusion coefficient. However, as mentioned 
in the previous sections, the thermocouple psychrometer testing range, which is usually from 3.5 
pF to 4.5 pF suction, is limited and the measured diffusion coefficient may not be representative 
of the whole suction range. The diffusion coefficient tested by the SWCC and permeability tests 
is an alternative way to evaluate the incremental diffusivity for whole suction range, which 
divides the SWCC curve according to the suction scale given in Aubeny and Lytton (2003).  
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5.1 Soil Properties 
Compaction tests, Atterberg limits and sieve analysis were performed on the soils from the two 
sites, and then the soils were compacted at optimum water content and equilibrated before the 
diffusion tests started. The soil properties are listed in Table 5.1. 
Table 5.1 the Properties of Soils from Two Sites 
Site Water 
content 
(%) 
Initial 
Suction 
(pF) 
Liquid 
Limit 
(%) 
Plastic 
Limit 
(%) 
% 
Passing 
Sieve  
No. 200 
% 
Passing 
2 
Micron 
Size 
Optimum 
Moisture 
Content 
(%) 
Maximum 
Dry Unit 
Weight 
(pcf) 
Lake 
Hefner 
19.04 3.36 37.6 23.4 63.3 20 22.5 102.5 
Ardmore 23.04 3.70 52.6 27 52 21 24.5 98.8 
 
5.2 Diffusion Coefficient Tested by Thermocouple Psychrometers 
Two diffusion tests by thermocouple psychrometer, which presented in 4.2, were performed for 
each soil. The theoretical curve given by Mitchell (1979) and test data of diffusion coefficient 
tests for Lake Hefner and Ardmore soils are summarized in Tables 5.2 and 5.3 and in Figures 5.1 
and 5.2. 
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Table 5.2 Drying Diffusion Coefficient Test Results for Lake Hefner Compacted Soil 
Parameter Value Units 
Evaporation Coefficient (he) 0.54 cm
-1 
Atmospheric Suction (ua) 6.05 pF 
Initial Suction (uo) 3.36 pF 
Psychrometer Location (x) 10.64 cm 
Sample Length (L) 11.64 cm 
 
Laboratory Suction 
Measurements Using 
Thermocouple Psychrometers 
Time 
(min) 
Suction 
(pF) 
13890 3.868 
14870 4.042 
15840 4.138 
16820 4.255 
17790 4.255 
Drying Diffusion Coefficient 
(αdry) 
0.0024 (cm
2
/min) 
 
 
 
Figure 5.1 Theoretical versus tested data for Lake Hefner Site 
 
 
 
2
2.5
3
3.5
4
4.5
5
8000
Su
ct
io
n
 (
p
F)
 
Time (mins) 
Theoretical (Mitchell 1979)
Measured (Thermocouple
Psychrometer)
Lake Hefner soil specimen 
Initial Suction:                        3.36 pF 
Atmosphere suction:            6.05 pF 
Diffusion Coefficient:        0.0024 cm2/min 
 
20000 
50 
 
 
Table 5.3 Drying Diffusion Coefficient Test Results for Ardmore Site Compacted Soil 
Parameter Value Units 
Evaporation Coefficient (he) 0.54 cm
-1 
Atmospheric Suction (ua) 6.08 pF 
Initial Suction (uo) 3.70 pF 
Psychrometer Location (x) 10.64 cm 
Sample Length (L) 11.64 cm 
 
Laboratory Suction 
Measurements Using 
Thermocouple Psychrometers 
Time 
(min) 
Suction 
(pF) 
3270 3.79 
4390 3.95 
6490 4.12 
10090 4.28 
15890 4.45 
Drying Diffusion Coefficient 
(αdry) 
0.000208 (cm
2
/min) 
 
 
Figure 5.2 Theoretical versus tested data for Ardmore Site 
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5.3 Diffusion Coefficient Tested by SWCC and Permeability  
In this research study, two SWCC tests and two saturated permeability tests were performed for 
each soil. Soil specimen numbers are L#1 and L#2 from Lake Hefner Site, and A#1 and A#2 
from Ardmore Site. 
5.3.1 SWCC Test 
In this study, the SWCC is presented in terms of the gravimetric water contents. The SWCC 
curve with degree of saturation was also plotted and then converted to the SWCC curve with the 
gravimetric water content. The Lake Hefner soil SWCC testing results are shown in Table 5.4 and 
the SWCC curves with degree of saturation are shown in Figure 5.3 and Figure 5.4. 
Table 5.4 SWCC Testing Data for Lake Hefner Soil 
L#1 L#2 
Suction (pF) 
Degree of 
Saturation  
Gravimetric 
Water 
Content (%) 
Suction (pF) 
Degree of 
Saturation  
Gravimetric 
Water 
Content (%) 
2.69 0.961 43.08 2.00 0.993 28.74 
3.00 0.901 40.57 2.30 0.949 27.04 
3.60 0.866 38.94 3.00 0.829 23.86 
3.84 0.863 38.75 3.69 0.744 21.58 
4.00 0.815 36.63 -- -- -- 
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Figure 5.3 SWCC Curve with Degree of Saturation y-Axis for Lake Hefner Soil L#1 
 
 
Figure 5.4 SWCC Curve with Degree of Saturation y-Axis for Lake Hefner Soil L#2 
The SWCC testing results from the Ardmore site soil are shown in Table 5.5 and the SWCC 
curves in terms of degree of saturation are shown in Figures 5.5 and 5.6.  
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Table 5.5 SWCC Testing Data for Ardmore Soil 
A#1 A#2 
Suction (pF) 
Degree of 
Saturation 
(%)  
Water 
Content (%) 
Suction (pF) 
Degree of 
Saturation 
(%)  
Water 
Content (%) 
2.0 83.3 32.4 2.6 88.9 34.5 
2.6 77 30.7 3.0 84.7 33.1 
3.0 66.1 28.3 3.6 79.2 30.9 
3.2 62.5 24.9 3.8 72.2 28.3 
3.6 53.8 22.4 4.0 61.3 24.0 
 
 
Figure 5.5 SWCC Curves with Degree of Saturation y-Axis for Ardmore Soil A#1 
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Figure 5.6 SWCC Curves with Degree of Saturation y-Axis for Ardmore Soil A#2 
 
5.3.2 Permeability Test and Diffusion Coefficient Results 
Two saturated permeability tests were performed for each soil in the laboratory. The permeability 
data and slope of SWCC data were used to calculate diffusion coefficients. The permeability data, 
slopes of SWCC and diffusion coefficients for Lake Hefner soil are shown in Table 5.6. The 
slope of SWCC is determined by the linear line, which is plotted according to SWCC theoretical 
curve given by Fredlund and Xing (1994).  
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Table 5.6 Permeability coefficient and Diffusion Coefficients for Lake Hefner Soil 
 
Suction Range 
(pF) 
Slope of SWCC 
(1/pF) 
Permeability 
Coefficient 
(cm/min) 
Diffusion coefficient 
(cm
2
/min) 
L
#
1
 
1-2.5 0.011 4  10-6 0.022 
2.5-3.5 0.026 4  10-6 0.0093 
3.5-4.5 0.072 4  10-6 0.0033 
4.5-5.3 0.12 4  10-6 0.0020 
5.3-7 0.13 4  10-6 0.0018 
L
#
2
 
1-2.5 
0.0069 2  10-6 0.017 
2.5-3.5 
0.016 2  10-6 0.076 
3.5-4.5 
0.042 2  10-6 0.029 
4.5-5.3 
0.080 2  10-6 0.015 
5.3-7 
0.081 2  10-6 0.015 
 
The permeability coefficient data, slopes of SWCC and diffusion coefficients for Ardmore soil 
are given in Table 5.7. 
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Table 5.7 Permeability coefficient and Diffusion Coefficients for Ardmore Soil 
 
Suction Range 
(pF) 
Slope of SWCC 
(1/pF) 
Permeability 
Coefficient 
(cm/min) 
Diffusion coefficient 
(cm
2
/min) 
A
#
1
 
1-2.5 0.065 0.8  10-6 0.00077 
2.5-3.5 0.032 0.8  10-6 0.0015 
3.5-4.5 0.046 0.8  10-6 0.0011 
4.5-5.3 0.079 0.8  10-6 0.00064 
5.3-7 0.082 0.8  10-6 0.00061 
A
#
2
 
1-2.5 
0.042 2.2  10-6 0.0033 
2.5-3.5 
0.031 2.2  10-6 0.0045 
3.5-4.5 
0.050 2.2  10-6 0.0027 
4.5-5.3 
0.089 2.2  10-6 0.0015 
5.3-7 
0.093 2.2  10-6 0.0014 
 
For soil specimens from both Sites, the SWCC curves, which are obtained from all testing points 
and average coefficient of saturated permeability, were used to calculate diffusion coefficient 
(Table 5.8). The trend of diffusion coefficients with suction increments is given in Figure 5.13. 
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Table 5.8 The Diffusion Coefficient Calculated by Converted SWCC and Average Permeability Coefficient 
 
Suction Range 
(pF) 
Slope of SWCC 
(1/pF) 
Permeability 
Coefficient 
(cm/min) 
Diffusion coefficient 
(cm
2
/min) 
L
ak
e 
H
ef
n
er
 
1-2.5 0.0084 3  10-6 0.021 
2.5-3.5 0.018 3  10-6 0.010 
3.5-4.5 0.057 3  10-6 0.0032 
4.5-5.3 0.10 3  10-6 0.0018 
5.3-7 0.11 3  10-6 0.0016 
A
rd
m
o
re
 
1-2.5 
0.054 2  10-6 0.0023 
2.5-3.5 
0.031 2  10-6 0.0041 
3.5-4.5 
0.047 2  10-6 0.0027 
4.5-5.3 
0.083 2  10-6 0.0015 
5.3-7 
0.086 2  10-6 0.0014 
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Figure 5.7 Diffusion Coefficients Obtained from Average Permeability Coefficient and SWCC for Lake Hefner Soil 
and Ardmore Soil 
5.4 Comparisons of Diffusion Coefficient Results Using the Thermocouple Psychrometer 
and Using SWCC and Coefficient of Saturated Permeability 
The diffusion coefficients determined by using the thermocouple psychrometers and the 
combination of the SWCC and saturated permeability test have been summarized in Table 5.9. 
The variations of the diffusion coefficients with different suction levels are summarized in Table 
5.10. As noted previously, the testing range of thermocouple psychrometer is roughly from 3.5 pF 
to 4.5 pF. Thus the comparisons between the results from the two test methods are within the 3.5 
pF and 4.5 pF suction range.  Comparisons of diffusion coefficients between 3.5 pF and 4.5 pF 
suction are shown in Table 5.9 and for all the suction range are given in Table 5.10. The results 
indicate the following: 
 The drying diffusion coefficients measured by thermocouple psychrometers are lower 
than the results by using the SWCC and average permeability coefficient from 3.5 pF to 
4.5 pF. For the Lake Hefner soil, thermocouple psychrometer result is 53.8% lower than 
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the SWCC and saturated permeability. While for the Ardmore soil, the results based on 
thermocouple psychrometers are lower by 12.5%. 
 The diffusion coefficients at different suction levels (Table 5.10) give a better spectrum 
of variation of the diffusion coefficient with suction. In general, the diffusion coefficient 
decreases as the suction increases, except at the low suction range which is from 1-3.5 
pF.  In accordance with unsaturated permeability of soils, the decreasing trend of the 
diffusion coefficient with the increase in suction fulfills the description given by Laliberte 
and Brooks (1967). For the low suction range part, the disturbance of the SWCC test is 
hard to avoid.  
 The Lake Hefner soil, which has a PI equals to 14.2%, has a higher diffusion coefficient 
compared to the soil from the Ardmore site (PI equals to 25.6%).  
The diffusion coefficients obtained in this research are generally close to each other for the two 
soils. According to the results, the diffusion coefficient determined by the SWCC and saturated 
permeability are in reasonable agreement with the test results using the thermocouple 
psychrometer, in these two types of soils. This implies that the diffusion coefficient determined 
by the SWCC and saturated permeability provide an approach to estimate the whole suction range 
diffusion coefficient. 
  
 
 
Table 5.9 Diffusion Test Results of Thermocouple Psychrometer tests and SWCC and Coefficient of Saturated 
Permeability tests 
 
Testing Range  
(pF) 
Thermocouple Psychrometer 
SWCC and 
Coefficient of 
Saturated 
Permeability 
Lake Hefner 3.5-4.5 0.00208 cm
2
/min 0.0032 cm
2
/min 
Ardmore 3.5-4.5 0.0024 cm
2
/min 0.0027 cm
2
/min 
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Table 5.10 Diffusion Coefficient for a Wide Range Suction 
  Diffusion coefficient (cm2/min) 
 
Suction Range 
(pF) 
L#1 L#2 
SWCC and Average 
Permeability 
La
ke
 H
ef
n
er
 
1-2.5 
0.022 0.017 
0.021 
2.5-3.5 
0.0093 0.076 
0.010 
3.5-4.5 
0.0033 0.029 
0.0032 
4.5-5.3 
0.0020 0.015 
0.0018 
5.3-7 
0.0018 0.015 
0.0016 
  A#1 A#2 
 
A
rd
m
o
re
 
1-2.5 0.00077 0.0033 
0.0023 
2.5-3.5 0.0015 0.0045 
0.0041 
3.5-4.5 0.0011 0.0027 
0.0027 
4.5-5.3 0.00064 0.0015 
0.0015 
5.3-7 0.00061 0.0014 
0.0014 
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CHAPTER VI 
 
 
CONCLUSIONS AND RECOMMANDATIONS 
 
6.1 Conclusions 
The diffusion coefficient test determined by thermocouple psychrometers provides a simple 
method to describe the moisture movement in unsaturated soil. However, the diffusion 
coefficients determined by thermocouple psychrometers only refer to a suction range between 
about 3.5 pF to 4.5 pF. On the other hand, the drying diffusion coefficients determined by the 
SWCC and coefficient of saturated permeability provides an approach to determine the diffusion 
coefficients in a wider suction range. 
The following can be concluded from the research study: 
 Based on both thermocouple psychrometer tests and combination of SWCC and 
permeability test, the soil with higher plastic index has a lower diffusion coefficient for 
the tested soil specimens, which were fully crushed, dried, compacted and moistured, 
from Lake Hefner site and Ardmore site with different plasticity indices. 
 The diffusion coefficients are decreasing with the suction increasing. 
 The diffusion coefficients determined by SWCC and coefficient of saturated permeability 
are higher than the diffusion coefficients from the thermocouple psychrometer testing. 
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 The diffusion coefficients decrease quickly in suction range from 1 pF to 4.5 pF, and 
decrease slowly in high suction range. 
 For all specimens, soil with higher coefficients of saturated permeability have higher 
diffusion coefficient. 
6.2 Recommendations 
 In this research, Frendlund and Xing’s continuous function was employed to determine 
the SWCC and the slopes in each suction range, which divided the SWCC into several 
pieces. Further study is required to use piece wised SWCC equations to calculate the 
slopes of SWCC. 
 The comparison of the diffusion coefficient test results between the two methods are 
from 3.5 to 4.5 pF. Thus, the diffusion coefficient test at the suction range of 1 to 3.5 pF 
and 5 to7 pF is required to be determined by other testing equipment such as thermal 
conductivity sensor, tensiometer for low suction range and WP4 for high suction range.  
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APPENDICES 
 
APPENDIX A — COMPACTION CURVES 
 
The standard soil compaction tests were conducted according to ASTM D-698. The soil was 
crushed and oven dried (110 
o
C) for 24 hours. About 2000 grams of the sample was used for the 
compaction test. The soil sample was mixed with water and allowed to cure per ASTM D698 
guidelines. The soil was compacted in three layers, each layer receiving 25 blows from 12 inches. 
After compaction, a knife was used to trim the soil at the top and the mass of the compacted 
specimen and mold was measured and recorded to the nearest gram. The compacted specimen 
was then removed from the mold using a hydraulic jack. The compaction curve (Figure A1 and 
A2) was determined per ASTM STP 1384 (Li and Sego 2000).   
 
 
Figure A1 Relation between the Dry Unit Weight and the Water Content for the Soil from Lake Hefner Site
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Figure A2 Relation between the Dry Unit Weight and the Water Content for the Soil from Ardmore Sit
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APPENDIX B — CALIBRATION OF WATER VOLUME CHANGE TUBES 
 
 
The measurements obtained from the water volume change tubes represent a linear measurement 
in millimeters. These linear measurements should be converted to a gravimetric calibration factor, 
α, that can be determined as follows: 
1. Fill one of the water volume change tubes with water with closed bottom valve. Record 
the water volume tube reading X1 (shown in Figure B1). 
2. Drain about 100 mm of water from the volume tube into a container by opening the 
bottom valve. Again, record the water volume tube reading, X2 (shown in Figure B2). 
3. Weigh the collected water in grams, W. 
4. Calculate the calibration factor, α, as follows: α=W/(X1-X2). 
5. Use α to calculate the amount of water released or absorbed during the SWCC tests. For 
example, if the difference between the initial and final volume tube readings in a 
particular test is ΔX, the corresponding weight of water in grams is (ΔX)*(α). 
 
70 
 
 
B1 Reading in Right Volume Tube Water X1 
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Tube 
71 
 
 
B2 the Drained Water and the Reading in Right Volume Tube Water X2
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APPENDIX C — AN EXAMPLE OF SWCC DATA INTERPRETATION 
 
 
The least square error method is applied to fit SWCC given by Fredlund and Xing (1994). The 
SWCC data of the Lake Hefner soil L#1 is given in Table C1. 
C1 SWCC Testing Data for L#1 
Suction (pF) 2.69 3.00 3.60 3.84 4.00 
Water Content (%) 43.08 40.57 38.94 38.75 36.63 
 
The fitting procedure by using Excel spread sheet is outlined as follows: 
 Determine the fitting parameters 
6. Initially give a random value within the suggested range to the fitting parameters for 
Equation 3.17: nf =1, mf=1and af= 1 to 100 with increment 0.1. Compute the theoretical 
water contents by given fitting parameters and tested suction. 
7. Sum up the square errors between the theoretical water contents and measured water 
contents for five tested data points with the assumed fitting parameters. 
8. Find optimum parameter af with the least square errors. For L#1 soil the optimum af= 
45.9. 
9. Use optimized af = 45.9 and given mf = 1 find the optimized nf = 0.415; And then use af 
and mf to determine the fitting parameter mf =0.2. 
The screen shots of fitting parameters determination is shown in Figure C1 
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a. Determine Fitting Parameter af 
 
b Determine Fitting Parameter nf 
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c Determine Fitting Parameter mf 
C1 Fitting Parameters Determination 
 
 Fit the theoretical curve to tested data 
In Equation 3.17, the three unknown parameters af, nf and mf are fixed by using least 
square errors method. Plot the SWCC by using the three optimized fitting parameters to 
check the theoretical curve fitting (Figure C1). 
75 
 
 
C2 Fitting Curve for L#1 Soil Specimen 
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APPENDIX D— SATURATED PERMEABILITY TEST 
 
 
 
 
Triaxial Chamber and permeability control column (Figure C1) were used to measure saturated 
permeability of soil. The laboratory procedure is as follows: 
 
Figure D1 a Triaxial Chamber 
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Figure D1 b Permeability Control Column (front) 
12 Bulkhead connector for pedestal 
2 Cell pressure regulator 
3 Digital pressure gauge 
4 Low back pressure regulator 5 High back pressure regulator 
6 Selector valve for pedestal 
7 Filling Valve 
8 Burette selector valve for pedestal 
9 Small burette for pedestal 
10 Large burette for pedestal 
11 Saturation valve for pedestal 
13 Selector valve for pedestal 
14 Filling Valve 
15 Burette selector valve for cap 
17 Small burette for cap 
16 Large burette for cap 
18 Saturation valve for cap 
19 Bulkhead connector for cap 
21 Bulkhead connector for cell pressure 
22 Selector valve for pressure gauge 
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Figure D1 c Permeability Control Column (back) 
Figure D1 Triaxial Chamber and Permeability Control Column 
 
 
 
 
 
 
D.1 Sample Installation, Application of Cell Pressure 
1 Main supply pressure 
valve 
1A Pressure supply 
connector 
23 Bulkhead connector 
for vacuum 
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1. Disconnect cell pressure line from top of cell and remove cell top together with 
cell wall. Leave guide post, which also serves as dial indicator rest, in place. If 
the cell wall is stuck to the ‘O’ ring on the base, push down on the cell top a 
couple times to break free the ‘O’ ring. 
2. Place porous plate, filter paper and sample on pedestal. 
3. Install membrane. To obtain a good seal, applying some vaseline on the ‘O’ ring 
of the cap and pedestal is suggested before placing the membrane. Install porous 
plate, filter paper and cap on the top of the sample, and roll membrane up on the 
cap and pedestal. 
4. Connect the two pore lines on the cap. Tighten nuts by wrench with moderate 
force. 
5. Place cell wall together with cell top on base. Guide hole should be lined up with 
guide post. For triaxial cell the piston rod must be pulled all the way and locked 
in place.Pass the three tie rods through the holes in the cell top and screw them 
into the base.  
6. Fill cell with water. Leave 1/4’ air under top plate. Loosen locking collar of the 
piston rod for triaxial cell; bring the rod in contact with the cap and lock the 
collar again. 
7. Connect bulkhead fitting No.21 (on side of control panel) to the top of cell. 
8. Connect bulkhead fitting No.12 to bulkhead on cell base labeled “pedestal 
saturate”, and bulkhead No.19 to bulkhead labeled “cap saturate” on cell base. 
9. Apply cell pressure. 
D.2 Filling the Burettes and Vacuum Saturation 
To fill the cap burettes 
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1. Close “saturation” valve No.18. 
2. Turn selector valve No.13 into “vacuum” position. 
3. Connect Vacuum source to bulkhead fitting No.23. 
4. Submerge end of saturation tubing into a pool of suitable water. 
5. Turn selector No.15 into large burette position. 
6. Partially open valve No.14 to let water slowly fill large burette. Then close valve 
No.14. 
7. To fill small burette (step 1 -4 is done) turn selector No.15 into small burette 
position. 
8. Crack valve No.14 slightly to let water slowly fill small burette, than close valve 
No. 14. 
9. Put selector valve No.13 into required position (high or low back pressure) 
10. Open saturation valve No. 18 and shut off vacuum. 
To fill the pedestal burettes  
1. Close “saturation” valve No.11. 
2. Turn selector valve No.6 into “vacuum” position. 
3. Connect Vacuum source to bulkhead fitting No.23. 
4. Submerge end of saturation tubing into a pool of suitable water. 
5. Turn selector No.8 into large burette position. 
6. Partially open valve No.14 to let water slowly fill large burette. Then close valve 
No.14. 
7. To fill small burette (step 1 -4 is done) turn selector No.8 into small burette 
position. 
8. Crack valve No.14 slightly to let water slowly fill small burette, than close valve 
No. 14. 
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9. Put selector valve No.6 into required position (high or low back pressure) 
10. Open saturation valve No. 11 and shut off vacuum. 
To vacuum saturate proceed: 
1. Close saturation valve No.11 and 18. 
2. Connect vacuum source to the bulkhead fitting on cell base marked cap purge 
and pedestal purge. 
3. Open cap and pedestal purge valves. 
4. Leave vacuum on for 5-10 minutes and then open pedestal saturation valve 
No.11 and as soon as water appears in tubing at pedestal purge, close pedestal 
purge valve. 
5. Repeat the procedure several times. 
 
D.3 Permeability Measurement 
1. Close both saturation valves No. 11 and No.18. 
2. Turn pedestal selector valve No.6 into high back pressure pssition. 
3. Read low back pressure on digital gauge. 
4. Turn selector valve No.22 into high back pressure positon and set high back 
pressure regulator output to required value. 
5. Open both saturation valves No. 11 and 18. Take readings of burettes at suitable 
time intervals. 
6. After permeability has been determined, close both saturation valve No.11 and 
18,turn pedestal selector valve to low beck pressure and open both saturation 
valves NO.11 and 18. 
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7. Terminate the test. Reduce low back pressure, high back pressure and cell 
pressure and dissemble the testing equipment. 
D.4 Calculation 
Using the quantity of water and the pressure applied which were observed from the control panel 
(Figure C1) to calculate the saturated permeability. According to Darcy’s equation, for 
permeability test, the flow rate of water q, gradient I and cross-section area A are needed. The 
flow rate of water q equals to quantity of water Q divided by the observation time interval t; 
Gradient equals to water head loss Δh, which can be modified on the control panel, divided by the 
length of soil specimen l, which can be easily measured; The cross-section area A was measured 
before the soil specimen installation.  
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